The field of magnonics offers the prospect of a technology that could complement and possibly supersede conventional electronics. 1, 2 As such, a tremendous amount of research has been devoted in recent years to the development of spin-wave based technology, and many milestones have already been reached, with the realization of spin wave logic gates, [3] [4] [5] filters, 6 delay lines, 7 and multiplexors, 8 for example. Whilst the design of the aforementioned building blocks of magnonic circuits is indeed very important, it is an open question as to how they could be linked together in parallel, so that the devices could collectively perform increasingly complex computational tasks. The building block of electronic parallel circuits is the splitter (a T-junction of conducting wires). In this circuit element, an electrical current is directed along the "leg," whereupon it is then split and channelled along both "arms." To drive and control currents across the circuit, electronics relies on the electric potential delivered by a voltage source. This quantity is immune to twists and steers of the conducting wires, and so an electronic splitter is straightforward to construct and understand. Magnonics, however, has no analogous driving mechanism. The design of a magnonic beam splitter is therefore an important first step towards the construction of parallel magnonic circuits.
From the magnetostatic spin wave (MSW) theory 9, 10 developed for ferrite media with finite thickness and infinite in-plane dimensions, it is well-known that the anisotropic MSW dispersion can be controlled by the strength and orientation of the external bias magnetic field H 0 . With the bias field and the spin-wave wave vector k both directed in-plane, two types of spin waves can exist. If k is orthogonal/parallel to H 0 , magnetostatic surface spin waves (MSSWs)/backward-volume MSWs (BVMSWs) propagate. These two spinwave types exist in distinct frequency ranges extending above (for MSSWs) and below (for BVMSWs) a common cut-off frequency equal to the frequency of ferromagnetic resonance f FMR . 11 This is defined by
where c is the electronic gyromagnetic ratio (2.80 MHz/Oe), H i is the internal magnetic field, and M 0 is the magnetization of saturation.
Several significant investigations [12] [13] [14] [15] have already explored the consequences of lateral confinement on the features of propagating spin waves. In particular, Br€ acher et al.
15 studies a T-junction of magnonic waveguides, albeit with functionality reversed to that investigated here. Generally, the lateral confinement within magnonic waveguides gives rise to two effects. First, the transverse wave number becomes quantized, leading to the formation of width (waveguide) modes in both MSSW and BVMSW configurations. 16 Second, the in-plane demagnetizing field ("shape anisotropy") introduced by the waveguide edges reduces the internal field in the MSSW configuration 15 and therefore similarly reduces the frequency of ferromagnetic resonance. These two effects lead to overlap in the frequency bands of MSSWs and BVMSWs. In their study, Br€ acher et al. exploited these two effects to realise a magnonic beam combiner element. Counter-propagating MSSW modes were initially excited at both ends of the T-junction's arms, with the bias field directed in-plane but orthogonal to the T-junction's arms, i.e., parallel to its leg. Upon interfering, Br€ acher et al. observed the MSSW modes combining to form a BVMSW width-mode propagating along the leg of the T-junction. By tuning the frequency (and hence wavelength) of the interfering MSSW modes, the order of the output BVMSW mode could be controlled.
Here, we demonstrate that the dispersion overlap inherent to rectangular waveguides can be used to interconvert spin waves reciprocally between the MSSW and BVMSW geometries within a dielectric magnonic beam splitter structure. used to select magnonic waveguides that are sufficiently narrow to feature the dispersion overlap. Then, Brillouin light scattering (BLS) imaging is used to demonstrate the functionality of the device in different frequency regimes. In both cases, micromagnetic simulations are used to validate the experimental observations and to reveal the mode structure of the spin-wave beam in the different parts of the magnonic beam splitter.
The investigated yttrium-iron-garnet (YIG) waveguides (Figs. 1(a) and 1(b)) with thickness of s ¼ 7.7 lm and width of either w ¼ 3 mm or 0.5 mm were fabricated by laser scribing a continuous YIG film epitaxially grown on a substrate of gadolinium gallium garnet (GGG). The waveguides were initially magnetized by a uniform in-plane bias field H 0 ¼ 1225 Oe, directed along either the long or short symmetry axis of the waveguide. Spin wave transmission characteristics were acquired using two 30 lm wide microstrip antennas positioned on either end of the waveguides. The input antenna's dynamic magnetic field couples to the YIG's magnetization, exciting spin waves propagating along the waveguide. The efficiency of spin wave propagation was measured using a vector-network-analyser. The distributions of the projection of the magnetization on to the internal field, across the width of the waveguides, were modelled using micro-magnetic simulations performed with the Object-Oriented Micro-Magnetic Framework (OOMMF). 17, 18 We approximated the waveguide as a cuboid of size (600 Â w Â 0.0077) mm 3 with a cell-size of (10 Â 0.05 Â 7.7) lm 3 . One-dimensional periodic boundary conditions 19 were implemented along the waveguide's long axis, and the exchange interaction was neglected (due to the dominance of the Zeeman and demagnetizing energies). We assumed 4pcM 0 ¼ 1750 G and neglected any crystalline anisotropy energy.
The results from the initial characterisation of the waveguides are shown in Fig. 2 . For a waveguide width of 3 mm ( Fig. 2(a) ), the MSSW and BVMSW transmission spectra do not overlap and have a common cut-off frequency at f ? ¼ 5.345 GHz. Since f FMR ¼ 5.345 GHz ¼ f ? , the 3 mm wide waveguide can be considered a continuous film. Upon reducing the waveguide width to 0.5 mm (Fig. 2(b) ), the upper cutoff frequency of the BVMSW spectra remains at 5.345 GHz, but the MSSW band's lower cut-off is reduced by 114 MHz and is equal to 5.231 GHz. The experimental overlap between the MSSW and BVMSW bands is therefore Df ? ¼ 114 MHz. This overlap is partially explained by the static internal field profiles presented in Fig. 2(c) . When the waveguide width is 3 mm, the internal field at the centre of the waveguide is 1222 Oe in the MSSW configuration, whereas reducing the width to 0.5 mm reduces the field strength to 1208 Oe. This field variation corresponds to a frequency shift of 39.2 MHz. In addition to this, we must consider the effect introduced by lateral quantization, whereby the component of the spin-wave wave vector, orthogonal to the waveguide's longitudinal axis, must satisfy k ? ¼ np w ef f (where n is an integer and w eff is the "effective" width of the waveguide). Here, we have assumed the magnetization at the edges of the waveguide to be partially pinned, 20 where the waveguide modes have an effective width of 0.525 mm. This leads to frequency-offset spin wave dispersions for the different waveguide width-modes as calculated 21 and shown in Fig. 2(d) . The analytical frequency overlap between the n ¼ 1 modes is 139 MHz, which is within 22% of the experimentally measured value of 114 MHz.
There are three additional points of note relating to the dispersions of the different spin wave width-modes. First, the efficiency of exciting the width-modes decreases as n increases. Increasing the number of nodes across the waveguide width therefore reduces the net torque that can be exerted by the exciting field. Second, only odd width modes (n ¼ 1, 3, 5…) can be excited by a microstrip antenna, as even modes have no net magnetic moment across the waveguide width, so no coupling with a homogeneous dynamic field can occur. 22 Third, we have run further simulations to identify the origin of the discrepancy that remains between the experimentally-measured and analytically-calculated values for Df ? (114 MHz and 139 MHz respectively). Given in the supplementary material 23 are the spin wave dispersion profiles across the waveguides, calculated using the results of micromagnetic calculations. The overlap calculated using micromagnetic calculations is found to be 133 MHz, which is much closer to the analytically calculated value. We therefore deduce that the discrepancy between the experimentally measured and analytically calculated values for Df ? arises from our use of assumed simulation parameters (e.g., no roughness, zero crystalline anisotropy, etc.).
The observed overlap between the MSSW and BVMSW dispersions suggests that spin waves should be able to directly convert between the two dispersion types as they propagate across a T-shaped junction of finite width waveguides, thereby producing a magnonic beam splitter. In order to test this hypothesis, we prepared such a structure (Fig.  1(c) ) using waveguides with the same width of 0.5 mm. The input antenna was positioned at the base of the T-junction's leg. The repetition interval of the pulsing microwave signal was set to 1 ls to prevent overheating, and its amplitude was fixed at À30 dBm so as to only excite linear magnetization dynamics. BLS microscopy 16 was used to image the propagating spin waves. A laser beam, of wavelength 532 nm, was focussed to a spot of diameter 20 lm on the surface of the YIG structure. As a result of inelastic scattering by the dynamic magnetization m, the intensity I of the scattered light varies according to Iðx; y; tÞ $ jmðx; y; tÞj 2 . The measured signal was also modelled using OOMMF to obtain in addition phase-resolved information. In these simulations, the splitter was enclosed in a 6.5 Â 2.5 Â 0.0077 mm 3 box, with a cell-size of 10 Â 10 Â 1.54 lm . Once a ground state magnetic configuration was established, spin waves were excited at the base of the T-junction's leg by a harmonic field. This dynamic field, of frequency f, was spatially distributed so as to mimic the field generated by a microstrip. 24 Presented in the upper panels of Fig. 3 are logarithmically scaled BLS maps, measured for the two orthogonal bias field orientations relative to the splitter's leg. Both BLS measurements in Figs. 3(a) and 3(b) were performed at a frequency of 5.32 GHz, which lies between the MSSW and BVMSW n ¼ 1 modal dispersions (as indicated by the middle dotted line in Fig. 2(d) ). In both configurations, we clearly observe the initial propagation of a spin wave along the leg of the splitter, and then the turn of the spin wave as it enters, and then propagates along both arms. Shown in the middle panels of Fig. 3 are simulated snapshots of the square of the dynamic magnetization, plotted to provide direct comparison with the distributions measured experimentally. In the lower panels of Fig. 3 , the out-of-plane component of magnetization is shown, in order to obtain phase resolution. In the splitter's leg, the mode profile in the MSSW and BVMSW configurations is clearly that of the fundamental mode (n ¼ 1). From the asymmetry of the spin wave amplitude profile in the splitter's arms, however, we deduce that one-to-many mode splitting 25, 26 has taken place, whereby an asymmetric n ¼ 2 mode is propagating alongside the original fundamental mode. This is in agreement with the findings of Clausen et al.
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The significance of the dispersion overlap for achieving spin wave splitting is verified by the measurements presented in Figs. 3(c) and 3(d) . Here, the frequencies of excitation and detection are moved away from f ? , to the upper and lower dotted frequencies shown in Fig. 2(d) . At f ¼ 5.48 GHz (Fig. 3(c) ), MSSW propagation is experimentally observed in the splitter's leg, but minimal propagation is observed in the arms. Similarly, in Fig. 3(d) , at f ¼ 5.16 GHz, BVMSW propagation is seen in the leg, but there is negligible splitting. At the frequencies of 5.16 GHz or 5.48 GHz, it is impossible to limit the conversion between the BVMSW and MSSW to n ¼ 1 modes, since the dispersions do not overlap (Fig. 2(d) ). Instead, the initial n ¼ 1 mode splits into n ! 3 modes, which in the experiment appears to be highly inefficient. The simulations reveal that the spin wave beam in the splitter's arms is a superposition of the modes with n between 3 and 5. Further simulations, not shown here, confirm that the splitting observed in simulation is independent of the microstrip position and excitation amplitude. The reduced distance across which the split spin waves propagate is explained by the reduced dispersion gradient (i.e., group velocity) of the higher order width modes.
Let us discuss some more general matters related to the parallel magnonic circuitry. So far we have demonstrated that a T-junction of waveguides with uniform width can be used as a magnonic beam splitter within a certain frequency range. By altering the bias field strength, it is possible to adjust the splitter's frequency range of operation, as would be expected from the Kittel relation. 11 An important consideration for the development of parallel technology is the damping of spin waves, as this will restrict the extent of parallel circuits. YIG is renowned for its extraordinarily low spin wave damping, and so YIG is well-suited for this design. Although our results are obtained on length scales of 100 s of micrometres, due to the resolution of BLS, it should be possible to downscale our findings towards at least the micrometre scale. 27 Beyond this, the isotropic exchange interaction will become increasingly important, 21 which might however make the task of wave splitting simpler. 18 In conclusion, we have demonstrated a device that can be used to split the spin wave beam within a magnonic circuit. The splitting occurs by way of inter-conversion of waveguide modes of different characters (i.e., BVMSW and MSSW types) and of different order (i.e., with different mode numbers). Micromagnetic simulations reveal that the spin wave beams in the outputs of the splitter are generally given by a superposition of both even and odd modes, with the details dictated by the dispersion overlap. By adjusting the frequency of the incident wave, it is possible to alter the character of the output beams or to switch the output off completely. Our findings are an important step towards the future parallel logic circuitry of magnonics.
